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Characterization and Manipulation of Nanorods via an 
Applied Magnetic Field 
 
Abstract 
A remote system capable of controlling the motion of magnetic nanorods was created. Two 
different systems, electromagnets and magnetic stirrers, were used to create continuously 
changing magnetic fields thus applying a constant torque to make nanorods rotate as “nano 
stirbars”. The system was tested on three different types of synthesized nanorods: multi-
segmented Ni/Au, pure Ni, and pure Au nanorods. Ni and Au were chosen due to the 
combination of the magnetic properties of Ni and the biocompatible properties of Au. Variables 
such as length, shape, and geometries of the nanorods were characterized by a scanning electron 
microscope and an atomic force microscope, and the composition of the nanorods was analyzed 
by Energy Dispersive X-ray Spectroscopy elemental analysis. The spinning motion of the 
nanorods was observed through an optical microscope. It was concluded that while geometric 
variables did not impact the spinning ability of the nanorods, the composition was critical, and 
the synthesized 50-50 Ni/Au nanorods had sufficient spinning force to perform as “nano-
stirbars”. These experiments demonstrate a system capable of non-contact manipulation in 
solution at the nanoscale. 
 
Focusing Question 
How can a constantly changing magnetic field be applied to magnetic nanorods so as to form 
“nano-stirbars”, and what characteristics are most important to their motion?   
 
The original focusing question in my project proposal was, “What is the Correlation Between the 
Geometry of Nanostructures and their Applied Magnetic Field?” The project began with the 
intention of comparing the strength and direction of the magnetic field to the torque acting on 
each nanorod and the efficiency of its rotation. However as issues involving engineering 
difficulties and a lack of certain measurement and detection equipment arose, the project became 
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increasingly directed towards the design of a device that could manipulate the nanorods. Once 
this issue was resolved, the goal was to discover which properties of the nanorods contributed the 
most to rotation.  
 
Introduction and Rationale 
Nanotechnology is the field of engineering that involves understanding and controlling 
matter at the nanoscale, approximately 1-100 nanometers. At such a small scale, a number of size 
and composition-dependent physical phenomena occur, which can be explored and taken 
advantage of. For example, the minute size of nanostructures means that they have a large 
surface area to volume ratio, giving them extreme sensitivity. Already nanostructures have been 
utilized in sensing different gases, one of which is hydrogen (Wang, 2005). By selecting the 
elements of which the nanostructures are composed, scientists are able to dictate the properties of 
the nanostructures, from conductivity to magnetism. Finally, the small size of nanostructures 
allows them to take advantage of the “leaky” properties of angiogenic blood vessels to 
specifically target and accumulate in tumors within the body. This application could potentially 
overcome the side effects associated with current treatments for cancer such as chemotherapy 
and radiation which stem from non-specific targeting. Of the numerous types of nanostructures, 
one-dimensional nanostructures will be the focus of this investigation.  
In recent years, 1-D nanostructures such as nanowires, nanorods, nanotubes have 
attracted great attention due to their unique properties that can be utilized in a variety of 
applications. More specifically, their size and composition determine these properties. For 
example, such thin rods allow for efficient transport of electrons and optical excitation, both of 
which are critical to the development of nanoscale devices. Scientists have applied these 
nanorods as hydrogen sensors due to their properties and mechanical ability. (Lupan, Chai, & 
Chow, 2008) Large surface area to volume ratios cause nanorods to be extremely sensitive to 
minor perturbations, making them an excellent tool for gas, chemical, and biological sensing. 
Additionally, the presence of various metals can determine its various functionalities. Nanorods, 
also known as nanowires, can also be used in electronics, especially on a microscale circuit that 
powers nanoscale devices (Lupan et al., 2008). Another common area of research is the 
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application of hollow nanorods, called nanotubes, in delivering therapeutics to the body. In the 
case of cancer, the small size of the nanotube can allow it to pass through larger angiogenic 
blood vessels in order to target the tumor, rather than destroying healthy cells. Recently, one 
group successfully aligned magnetic nanorods in the nucleus of a living cell by applying an 
external magnetic field (Celedon, A., Hale, C. M., & Wirtz, D., 2011). Other scientists have used 
the compositional properties of nanorods for therapeutic purposes. One group created 
encapsulated biocompatible aluminum hydroxide nanorods with hyperthermal effects that can be 
used to destroy harmful cells (Jha, H., Schmidt-Stein, F., Shrestha, N., Kettering, M., Hilger, I., 
& Schmuki, P., 2011).  
To fulfill the potential of these nanostructures in device applications, several important 
obstacles must be overcome. One of them is to be able to manipulate and arrange the 
nanostructures into desired formations or patterns (Yu, Cheong, & Sow, 2004). A variety of 
techniques have been developed for this purpose, such as utilizing microfluidic channels in flow 
alignment (Bentley, Trethewey, Ellis, & Crone, 2004), magnetic fields in nanowire alignment, 
line optical tweezers in individual semiconductor nanorod manipulation (Yu et al., 2004), and an 
atomic force microscope (AFM) in nanorod translation and rotation (Tranvouez, Oreiux, Boer-
Duchemin, Devillers, Huc et al., 2009). A different option is placing partially platinum nanorods 
into hydrogen peroxide, due to the fact that platinum catalyzes the breakdown of hydrogen 
peroxide (Mallouk & Sen, 2009). These nanorods overcome the drag provided by the solution by 
providing a continuous force as the products of the H2O2 breakdown form water.  
Another difficulty is manipulating nanostructures to achieve directional non-Brownian 
movement. A class of self-motile devices based on asymmetrical catalytic reactions was created 
to achieve autonomous movement. While this system displayed autonomous movement, the 
direction of the movement was subject to random fluctuation. One way to control the direction of 
the movement is to use an external magnetic field to establish an orienting and constraining 
magnetic torque. Bentley et al. (2004) of the University of Wisconsin-Madison placed two 
magnets across from each other in order to magnetize the rods in between. By manually moving 
the magnets around, they were able to move the nanorods in a circular motion. In addition, they 
found that non-magnetic nanorods could be manipulated in this fashion by coating the ends with 
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nickel, a magnetic substance.  
Multiple methods of nanorod synthesis exist, most of which can be grouped into one of 
two categories: top down synthesis and bottom up synthesis. Top-down synthesis, which 
includes methods such as electron beam lithography and photolithography, entails fabricating 
nanostructures by cutting away from a surface. Bottom-up synthesis, which includes dip pen 
nanolithography and molecular self-assembly, requires arranging smaller components into 
larger structures.  For certain investigations, electrochemical deposition can be an advantageous 
method. Reasons include: not requiring high temperatures or low pressures, a relatively fast 
process, ease of synthesizing multisegmented nanorods, and a high yield (Hurst, Qin, Payne, & 
Mirkin, 2006). The setup consists of a positively charged anode in a solution of electrolytes, as 
well as a negatively charged cathode attached to the metal coating of an Anodic Aluminum 
Oxide (AAO) template below the solution. The current causes the negative ions attach to the 
anode while the positive ions enter the channels in the template, thereby forming nanorods. To 
vary the composition of the rods, different electrolyte solutions can be substituted for different 
lengths of time and with different voltages. To synthesize the magnetic nanorods for my 
project, I will utilize the bottom-up method of electrochemical deposition into an AAO 
template. This process will lead to the synthesis of various magnetic nanorods which can be 
mechanically manipulated. 
The purpose of my investigation was to control the motion of nanorods by converting 
electrical energy into mechanical energy at the nanoscale. The current methods of manipulation 
are painstakingly manual, and my investigation seeks to develop the first remote method that 
harnesses electrical energy to effect motion at the nanoscale. Of the different types of 1-D 
nanostructures, nanorods were chosen as the object of this study because of their relative ease of 
synthesis. However, due to their small size, controlling the position and motion of nanorods has 
been a challenge. This project was partially inspired by nature, specifically, by the structure of 
bacterial flagellum which achieves motion by converting chemical energy to mechanical energy. 
The investigation aimed to create a remote system capable of controlling the direction and force 
of movement of magnetic nanorods. Such control is important because many potential 
applications stem from exploring and utilizing the correlation between the geometry of 
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nanostructures and their applied magnetic field. Furthermore, in order to incorporate nanorods 
into devices, or to send them into the human body, it is critical to be able to control their motion 
and position.  
The results from Bentley et al. (2004) form the basis of the hypothesis for my 
investigation: if magnetic nanorods can be manipulated by changing the orientation of the 
external magnetic field, it may be possible to create an efficient magnetic spinner by applying a 
continuously alternating magnetic field. Additionally, it was thought that certain characteristics 
of the nanorods may impact the efficiency of conversion from electrical energy to the mechanical 
energy that spins the nanorods. As a result, physical characteristics such as length, width, and 
height as well as composition were investigated. Two systems allowing the user to control the 
position and motion of the nanorods from a distance by simply changing the magnetic field 
through external sources were created. While there may be many applications of this system, one 
particular application may be to deliver the magnetic spinners into cancer cells or bacteria to 
physically destroy the targeted cells or organisms. 
 
Materials and Methods  
The first stage of this investigation was synthesizing novel nanostructures with various 
compositions, geometric structures, sizes, and orientations. Three nanorod designs out of many 
were chosen in order to explore the effects of different geometries. These were a gold rod 200 
nm in diameter and 3 µM in length, a nickel rod 300 nm in diameter and 5 µM and a Ni/Au 
bisegmented rod 300 nm in diameter and 8 µM in length. Nickel was chosen because of its 
naturally ferromagnetic properties, which allow it to respond to a changing magnetic field. Gold 
was chosen because of its biocompatibility, stability, and conductivity, which offers many 
potential applications in the human body. In order to construct the nanorods, electrochemical 
deposition was used.  
There are several main steps in electrochemical deposition (see Figure 1): preparation, 
synthesis, and purification. First, to prepare the apparatus for deposition, the cell was thoroughly 
cleaned, and the AAO template was inserted between the two parts. Next, the Ni electrolyte was 
poured into the hole and the program was run in order to form the desired composition and 
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geometry of the nanorods. For the multilayer nanostructures containing Ni and Au, Ni was 
electrodeposited at -1V, RT, and pH 4.7 to grow as a solid nanorod, and then Au was layered on 
top also as a solid layer at RT, -920 mV. Lastly, the template was dissolved and the sample 
purified by alternating vortexing and pouring out excess liquid. This replaced the NaOH with 
water and increased the concentration of the nanorods in the small tube.  
The second stage of the investigation was characterizing the nanostructures.  
After the nanorods were synthesized, the nanorods and their corresponding motion were viewed 
and imaged with powerful microscopes. In particular, their compositions, sizes (length and 
diameter) and geometric shapes were recorded. The scanning electron microscope (SEM), the 
atomic force microscope (AFM), and the optical microscope were used.  Energy-dispersive X-
ray Spectroscopy (EDS), an extension of the SEM, was used to confirm the elements present in 
the nanorods and the quantity present. 
The third stage was the design and construction of appropriate magnetic fields with 
varying strengths and characteristics. Two different designs were used, the first of which was a 
magnetic field that was kept changing by a mechanical motor. This stirrer was given varying 
strengths of magnetic fields due to different neodymium magnets. Figure 2 displays the 
magnetic field of a magnet that was used to rotate the nanorods.  
The second method of applying a magnetic field was done by running an AC current 
through two DC electromagnets. In an AC (alternating current) electric field, the direction of the 
current constantly switches, which made the magnets alternate from positive to negative. The 
variable transformer used in this study had a frequency of 60 Hz, which means the direction of 
the current traveling through the coils of the electromagnet changed 60 times each second, 
causing the nanorods to flip 60 times each second. The solenoids were placed on either side of 
the microscope in order to apply the field to the sample. 
The final step in the study was the mechanical manipulation of the nanorods. In order to 
clearly observe the motion of the nanorods under an optical microscope, it is pertinent to view 
individual nanorods, rather than large clumps. Ethylene glycol, which is more viscous than de-
ionized water, was found to help improve dispersion of the magnetic rods. In order to replace 
the DI water with ethylene glycol, the microcentrifuge tubes were centrifuged for five minutes, 
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the water was pipetted out, and ethylene glycol was syringed in its place. This was then 
physically shaken up and sonicated to mix the rods into the liquid. Then, 50 µL of the solution 
was deposited onto a glass slide, which was placed above the magnetic stirrer and under an 
optical microscope for viewing. The slide was placed exactly half an inch above the spinning 
magnet, so that the field applied would be between 65 G and 350 G, given that this strength has 
been applied successfully for stationary fields (Bentley et al., 2004). Given the opaque magnetic 
stirrer below the slide, reflecting mode, in which the light source comes through the lens, was 
used. The magnetic stirrer was then attached to a power supply, which caused the nanorods to 
spin rapidly. Pictures of both the Ni (Figure 3) nanorods and the Ni/Au nanorods were taken 
under reflection mode by optical microscope.   
Additionally, an AC current was run through a variac transformer to two DC 
electromagnets which were placed on opposite sides of the microscope. This constant switching 
of current led to the alternating magnetic field. With the glass slide secured between the two 
magnets so that the magnets were one inch apart, the reaction of the nanorods were observed 
under reflection mode of optical microscope as well. 
For data collection, nanorods were observed under an optical microscope and the slide 
was divided into nine sections. A random sample of fifty nanorods was observed and counted in 
each section.  
 
Results 
Three different geometries of nanorods were successfully synthesized via electrochemical 
deposition. As a result of the aluminum oxide template, there was a high yield of nanorods.   
All three geometries of nanorods were characterized by both the scanning electron 
microscope and the atomic force microscope. Their designated compositions, heights, and 
geometries were confirmed by the images taken (Figures 4, 5). It was found that the geometries 
of nanorods did not affect rotation while the compositions were critical (see Table 2). 
 Additionally, energy-dispersive X-ray spectroscopy was used for elemental analysis and 
chemical characterization of the nanorods. It confirmed the elements present in the nanorods as 
well as the quantity present (Figure 6).  
Summer Wu 
4/27/12 
 
8 
 
Nickel was used as a positive control due to its magnetic properties. Therefore, it was 
expected that 100% of the Ni nanorods would react. Gold was used as a negative control due to 
its lack of magnetism. It was expected that none of the Au nanorods would react. Both controls 
reacted as expected, and the 50-50 Ni/Au nanorods were used as the variable. More than 97% of 
them spun, leading to the conclusion that the systems applied sufficient torque on the nanorods 
for rotation (Table 1, 2).  
The nanorods responded to each change of the current in the electromagnets by spinning 
180 degrees. However, this spin occurred almost instantaneously so that it was too fast to see. 
As a result, the nanorods powered by electromagnets did not stir smoothly and continuously. 
Rather, they jerked from one side to the other, as shown in Table 1. On the contrary, the 
nanorods responded to the magnetic stirrer by spinning in circles at a constant rate.  
 
Conclusion 
Through this investigation, the first known system capable of turning nanorods into 
“magnetic spinners” by converting electrical energy to mechanical energy was developed. 
Currently used methods of manipulation are manual, and my investigation was able to develop a 
remote method harnessing electrical energy to effect motion at the nanoscale. This adds to the 
repertoire of methods to control the position and motion of nanostructures and potentially gives 
scientists another simple yet powerful tool to manipulate nanostructures for various 
applications. Physical variables such as the length and width of the rod did not impact the 
spinning ability of the nanorods, however, the composition was critical. This study shows that 
using a magnetic stirrer is more effective in creating “nano-stirbars” because of the continually 
changing magnetic field, while the electromagnetic fields were only able to create a “magnetic 
flipper” because directions of the magnetic field were limited to two. Therefore, it can be 
concluded that the efficiency and pattern of the nanorods’ movement is influenced by both the 
properties of the nanorods and the applied magnetic field.  
 
Discussion 
 The results of this study corroborate the findings of Bentley (2004), which found that the 
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alignment of magnetic nanorods can be manipulated by altering the magnetic field. 
Furthermore, this investigation verifies the hypothesis that magnetic “nano-stirbars” can be 
created by applying a continuous changing magnetic field and paves the way for manipulating 
nanorods in living cells. Given the success of aligning magnetic nanorods in a living cell by the 
Wirtz group, a further study would be using a magnetic stirrer or electromagnets to apply a 
constant torque on magnetic nanorods within live cells. Perhaps in the future, the most powerful 
nanorods will be multi-segmented in order to take advantage of the desirable properties of 
multiple elements. 
There were two potential sources of error. First, although the nanorods were synthesized 
to be 50-50 Ni/Au nanorods, several of them split in half as they were transported. As a result, 
shorter, entirely gold nanorods were present in the solution. This would explain the 3% of 
nanorods that did not spin when the field was applied. Second, due to the fact that the 
percentages in Table 1 were estimated by visual approximation, operator error could affect the 
percentage of Ni/Au that spun.  
One limitation of this investigation was that the magnetic fields created by the 
constructed systems were so strong that the impact of the geometries of nanorods could not be 
observed. Therefore, a future investigation could be to construct a system which allows the 
magnetic field to be adjusted to strength sufficiently low enough to test the impact of 
geometries of nanorods.  Such system would also allow for testing to determine maximum 
amount of gold and the minimum amount of Ni required in nanorods for them to still be 
effective “nano-stirbars”. Incorporating as much gold as possible may be desirable because of 
its biocompatibility, stability, and conductivity, which offers many potential applications in the 
human body. For example, antibodies can be easily attached to gold, making the nanoparticles 
targeted towards specific locations in the body. 
Creating a remote system capable of controlling the motion of magnetic nanorods will 
pave the way forward for effective implementation into devices and the human body. The 
potential applications of my project in society are be very broad. The ability to control the 
motion of nanorods by converting electrical energy to mechanical energy at such a small scale, 
allows scientists to have an unprecedented amount of control over their purpose and actions. One 
Summer Wu 
4/27/12 
 
10 
 
possible medical application is transferring a dose of nanorods into the body of cancer patients 
and manipulating the rods so that they spin, physically damaging or destroying the tumors 
around them.  Another therapeutic application is to include nanorods into a drug delivery system 
that specifically targets bacteria. Once inside the bacteria, the nanorods can be “activated” with a 
magnetic field to destroy the internal structure of the bacteria. This approach may be more 
advantageous than the current approach of using antibiotics to attack specific enzymes or 
proteins inside the bacteria, which often cause drug resistance. By attacking bacteria’s overall 
physical structure through mechanical forces, the development of drug resistance, which is one 
of the biggest challenges in infectious diseases, can be minimized. This technology has the 
potential to help the millions of people across the world with cancer, infectious diseases, and 
many other conditions. In fact, studies are currently being conducted to determine the 
cytotoxicity and uptake of magnetic nanorods by cells (Safi, M., Clowez, S., Galimard, A., & 
Berret, J. F., 2011). While the therapeutic applications of this technology are promising, the 
addition of an external magnetic field to human beings may have negative implications. 
Additional research and vigorous safety tests will have to be conducted before this device can be 
applied to humans. Another application would be utilizing the method of mechanical 
manipulation to propel nanobots or to play a role in micro-devices. Controlling the spinning 
propeller-like motion of the nanorods could revolutionize transport at the nanoscale and increase 
the functionalities of nanostructures.  
 
Inquiry Process 
 The primary lesson I learned about how to learn was to take the initiative to seek help and 
explore answers. I couldn’t have accomplished what I did had not numerous teachers and staff 
members guided me along the way. From asking about electromagnets to realizing that I needed 
a resistor, I gained valuable experience in looking for inspiration inside and outside the lab. 
Thanks to student inquiry, I learned about the scientific process by experiencing it first-hand 
rather than by performing the typical science lab experiment. Inquiry showed me that strict 
experimental procedures need not always be followed exactly, and that sometimes, adjusting pre-
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determined conditions can be beneficial. Therefore, I was thrilled to find that creativity still has a 
place in the lab.  
I did accomplish the task I set out to do by successfully developing a method of rotational 
manipulation of magnetic nanorods. Although my path began with looking for all the 
characteristics that might affect rotation, I centered upon composition because the composition 
determines its magnetism.  
The principal challenge I encountered in my investigation was designing the systems 
capable of controlling the nanorods. Although designs can appear flawless on paper, practice 
often results in trial and error. However with the input of numerous teachers, faculty, engineers, 
and scientists, I was able to overcome this difficulty. 
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Figures and Tables 
 
Figure 1. Approach for synthesizing multisegmented nanorods.   
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Figure 2. The Magnetic Field Visualization of a single magnet in free space. This NdFeB 
magnet was placed 0.5 in away from the Ni and Ni/Au nanorods, exerting approximately 
300-500 Gauss on the rods. The dimensions of the magnet are 0.125 in x 0.125 in x 0.5 
in.  (http://www.kjmagnetics.com/magfield.asp?pName=B228) 
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Figure 3.  (1-4) 200 nm Ni nanorods rotating counterclockwise with the magnetic stirrer. 
Between 300-500 Gauss was applied on the rods.  
 
Figure 4. SEM images of the three geometries of nanorods. (a) Au, 200 nm diameter, 
length = 3 µM (b)  Ni, 200 nm diameter, length =  5 µM (c) Ni/Au, 300 nm diameter, length 
= 8 µM  
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Figure 5. Height above the surface of a single nickel nanorod extending from a clump. 
Clockwise from to left: 3-D representation, height sensor, graph of the amplitude of the 
cross section, and the location of the cross section. All images were taken using the 
atomic force microscope.  
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Figure 6. EDS images of a Ni/Au nanorod. Clockwise from top left: an SEM image, 
detected aluminum, detected silicon, detected nickel, detected gold, and detected 
carbon  
 
Location: 1 2 3 4 5 6 7 8 9 
# spin 47 49 49 49 47 48 50 49 50 
# no spin 3 1 1 1 3 2 0 1 0 
Table 1. Data Collection for Ni/Au nanorods. Each slide was divided up into 9 parts, and 
50 nanorods from each location were randomly observed and counted.  
 
 Magnetic Stirrer Electromagnets 
Ni (positive control) 100 % spun in circles 100% Flipping  
Ni/Au (50:50) > 97% spun in circles > 97% flipping 
Au (negative control) No movement No movement 
Table 2. Summary of results. Impact of the composition of nanorods on motion.  
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Figure 8. The Scanning Electron Microscope. 
